Current trends in computer and communication industries are towards increasingly higher resolution images and video processing techniques. However, such sophisticated processing tasks require massive storage systems such as a compact disk read only memory (CD-ROM) and digital versatile disc (DVD). Current demands in the development of such systems are higher data density storage media and an improved data transfer rate. The latter is discussed in this paper. A multiple-beam optical disk drive is presented as a method for improving the effective data transfer rate by increasing the beam spot number formed on an optical disk. The beam-rotating actuator is necessary for positioning the multiple-beam onto more than one track. Ray tracing was also employed for the real system setup. The beam-rotating actuator is made up of piezoelectric material, a high-stiffness wire hinge and a dove prism. The actuator has an approximately 1 kHz resonance frequency and a suitable operational range. The dynamic equation for the actuator is derived for the control of the real system.
Introduction
High density and high speed in optical disk have always been the next generation developmental target. For high density is objectives, the subjects of many studies are usually to develop new data storage methods, to create new disk material, and to enhance the performance of drive mechanisms. As for high speed, compact disk read only memory (CD-ROM) is a representative product and recently, 52 times the data transfer rate of the general compact disk (CD) has been achieved. As an optical disk product with high density and high speed, the digital versatile disk (DVD) appeared on the market in the 1990s. Most DVD systems would have the capability to read both CD and DVD. Therefore, various CD/DVD compatible pickup heads have been developed.
On the other hand, owing to the speed limit of a normal disk drive reading speed, there have been some trials to develop a multiple reading disk drive pickup equipped a multiple-beam source. [1] [2] [3] [4] By realizing these concepts, we can achieve a very high data transfer rate compared with the normal disk drive pickup. To realize this concept, we must adopt a beam rotating actuator to adjust multiple laser sources (SEL; surface emitting laser) onto the disk's data track. Research on these multiple-beam disk drives are as follows: Katayama et al. 5) constructed the optical source part and the beam-receiving part separately and fabricated a cantilever-type beam rotating actuator driven by voice coil motor (VCM) method. This system requires additional attachment components and the shape is too complex to fix an actuating coil. Tokumaru et al. 6) designed bearingsupported rotating optical parts with a trapezoidal dove prism and object lens. This system has some demerits of relatively high-weight and low response due to bearing movement.
In this paper, we discuss a high-response beam rotating actuator using piezoelectric materials for the multiple-beam disk drive method. The objective of our research is to develop a new beam rotating actuator for the multiple-beam disk drive pickup. Thus, we propose a new beam-rotating actuator concept and discuss the possibility of a new pickup system. Elastic joints and piezoelectric devices are major characteristics of the new beam rotating actuator. The beam rotating actuator can rotate the beam precisely and produce high responses. We suggest a model of the beam rotating actuator for the multiple-beam disk drive pickup and perform the analysis of the dynamic characteristics. Finally, a prototype of the actuator is fabricated and its performance is evaluated.
Multiple-Beam Disk Drive Pickup
The overall systematic configuration of the multiple disk drive pickup is shown in Fig. 1 . The beam source from the SEL-type semiconductor laser is focused on the disk data track. The optical pickup recollects the data beam on the beam-receiving photodiode and then transforms the electrical data.
The main optical components of this multiple-beam disk drive pickup are the multiple-beam laser (SEL), collimator lens, dove prism, beam rotating actuator, objective lens, photodiode array and astigmatic lens. As the power supply, we use external 5 V DC input for the laser source. The operating principle of the pickup is that the multiple-beam from the SEL laser source is converted into a parallel-ray beam by collimating lens and passes through the beam splitter. This beam should be rotated by the dove-prismequipped beam rotating actuator in order to adjust for the difference in the angle due to the curvature difference of the optical disk track, to the compensation angle of optical axis adjustment and to the eccentricity of the disk. The beam that passed the dove-prism is finally focused on the disk data track to read the data format and then reflected onto the disk surface. Finally, the beam is reaches the photodiode array through the reverse beam path.
The six-segmented photodiode array produces a collective lens servo signal using astigmatism. In the meantime, the signal-processing part produces a beam rotating actuator servo signal by considering the disk rotating speed and rotating frequency. The beam rotating actuator equipped with a dove prism and piezoelectric device has two times the magnification efficiency of a rotating input beam angle. For example, if the beam rotating actuator rotates then the output beam rotates 2.
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3. Beam-rotating Actuator
Actuating device
We selected the high-speed response, relatively precise small piezoelectric actuating device NLA-5 Â 5 Â 1 (Tokin Corp.) composed of 144-level 115-m-thick NEPEC-10 piezoelectric ceramic materials and electrodes attached with epoxy resin.
The maximum driving voltage of a piezoelectric device is DC 100 V and it has a displacement of 15.0 m/100 V under a free-end condition and exerts 87 Kgf/cm 2 force. The static capacitance is 650 nF. The stiffness coefficient and displacement of the piezoelectric material are calculated using eqs.
(1) and (2) by considering the piezoelectric coefficient (D 33 ) which corresponds to the displacement extension (Á') per unit driving voltage, elasticity coefficient of the piezoelectric material (C E 33 ), forcing area (A) and thickness (t).
Actuating system
We designed the high-voltage amplifier shown to generate a high-voltage DC power for the piezoelectric actuator. To drive the actuator, we generated 0-10 V range DC input and then converted it with the high-voltage amplifier range (0-85 V), achieving the displacement extension of the piezoelectric device through the strain gauge. The result of the piezoelectric material displacement is approximately 6 m.
Fabrication of the elastic joint
To convert the linear movement of the piezoelectric device into the rotational movement, pivot devices must be attached to the end-point of the piezoelectric device. In this case, to avoid excessive shear forces and to reduce the backlash effect which occurs normally with the mechanical joint, we adopted elastic joints which serves as a mechanical joint part. 7) A newly designed elastic joint has three degrees of freedom and uses a 0.5 mm high-stiffness tungsten wire, that was molded into the acryl die so that the linear movement of the piezoelectric device would be converted into rotational movement of the beam rotating actuator. A beam-rotating actuator equipped with an elastic joint is shown in Fig. 2 .
To measure the exact piezoelectric device generated displacement, we attached the strain gauge (KFG-1-120-C1-11L1M2R by Kyowa Corp.). The length of the strain gauge is 1 mm, resistance is 119:6 AE 0:4 and gage factor is 2.13. We used a cyanoacrylate-based adhesive for the attachment of the strain gauge.
Operating range of the beam rotating actuator
The most typical characteristic of the multiple-beam disk drive's pick-up compared with the usual disk drive is the presence of a dove prism for beam rotation. To achieve exact focusing on the disk data track and proper beam alignment, the multiple-beam should be rotated according to the disk tracks. We should consider compensation factors such as disk eccentric angle ( 1 ), tangential angle difference due to the difference in track radius ( 2 ) and the primary beam rotation angle for the adjustment of the optical axis ( 3 ). The total sum of the required beam rotation angle of the multiple-beam is presented as follows.
The beam rotation for the compensation of the disk eccentricity is caused by the discordance between the center of the disk and the center of the rotation axis. If we consider the rotation speed of the disk (!), and eccentricity of the disk (e; maximum 100 m), the relationship between the movement of the central beam (e b ) and the eccentricity of the disk is as follows. With the disk minimum available data recorded radius (r; 25 mm) and eq. (4), the required beam rotation angle for the compensation of the disk eccentricity is calculated as follows. 
Under the assumption that the beam gap on the disk data track is 10 m and that there is a three-beam source, the overall beam gap length is 20 m. In the case of a normal CD-ROM, the inner radius of the data-recorded track is 23 mm and its outer radius is 58 mm. The track pitch of the data recorded track is 1.6 m, and according to the cosine 2nd formula, we can determine the beam alignment angle difference using following equations. Thus the divergence angle of beam alignment ( 2 ) owing to the difference in the inner and outer curvatures of the disk is derived as follows.
The rotation angle ( 3 ) for the adjustment of the optical axis is within 0. 3 . Thus, the overall rotation angle ( b ) of the multiple-beam on the disk surface is within 0. 55 . We conclude that the operating range of the beam rotating actuator should be over 0.28 which is half the value of the multiple-beam rotation angle.
Beam rotating actuator
We designed and fabricated the beam rotating actuator using a piezoelectric device, dove prism, and elastic pivot joint. Based on the pivoted elastic joint length ( 2 ), the length difference of the attached pivot point from the optical axis ( 1 ), and the displacement of the piezoelectric device (Á), the rotating angle (Á) is calculated as follows.
The body of the beam rotating actuator is made up of stainless steel which can endure the generated force of the piezoelectric device. The piezoelectric material is attached to the body using epoxy resin for high stiffness and the tungsten wire was molded into the acryl die. This elastic joint has an overall of length 8.2 mm, including the acryl die. The assembled beam rotating actuator is shown in Fig. 3. 
Measurement of Actuator Performance

Characteristics of beam rotation
To verify the performance of the beam rotating actuator we tested if the beam rotating actuator could rotate at a proper angle of the beam from the SEL source. The required beam rotation angle is so small, which was previously calculated, that instead of measuring the rotating angle of the actuator directly, we measured the beam spot on a screen 3 m away. Thus, we could measure the difference in beam movement on the screen and then calculate the beam rotation angle of the beam rotating actuator.
In this case, based on the rotation angle of the actuator (Á), beam movement on the screen (Áx) and distance between the beam rotating actuator and the screen (), the following equation is derived. Figure 4 shows the rotational performance of the beam rotating actuator when a 0-10 V computer D/A-converted input was applied to the actuator through the high-voltage amplifier. The result shows a linear behavior of the beam rotating angle between the input power and the output rotating angle. With the maximum input power, the maximum beam rotation angle of the actuator is about 0.63 .
Frequency response of the beam rotating actuator
We tested the beam rotating actuator in terms of the frequency domain to determine whether or not the fabricated actuator had a performance within the controllable frequency range. If we consider Young's modulus of the actuator (E), the moment of inertia of the actuator (I) and the other coefficient, the natural frequency of the actuator is derived as follows.
Then, we substituted the value of Young's modulus (E) 193 Gpa, moment inertia (I) and the mass of the dove prism (m) and finally, calculated the resonance frequency of the actuator to be approximately 1.12 kHz. For the real systematic experiment and for the frequency response, we utilized the OFV 1102 laser interferometer (Polytec Corp.) and added the sweep sine (range 2 Hz-5 kHz) signal to the high-voltage amplifier with the digital signal analyzer and then calculated the frequency response characteristics of the beam rotating actuator. Figure 5 shows the frequency response characteristics of the beam rotating actuator when a 30 V DC input sweep signal was applied to the actuator through the digital signal analyzer. The resonance frequency is detected to be about 1.0034 kHz.
We presented the curve-fitted frequency response with mathematic calculation in Fig. 6 . Then, with the gain of the system, we derived the transfer function of the beam rotating actuator using eq. (12). In this equation, ( L ) and (V i ) represent the beam rotating angle ( ) and the driving input voltage (V) respectively.
When we consider the maximum rotation speed of the disk to be 7200 rpm, the resonance frequency of the beam rotating actuator should be over about 120 Hz and that of the fabricated actuator should be about 1 kHz. This means that the fabricated beam rotating actuator is applicable to the multiple-beam disk drive pickup setup. Figure 7 shows the experimental setup for carrying out the beam rotation performance test and the frequency response test. For this experiment, we integrated all the necessary components to fabricate a multiple-beam disk drive including the collimator lens, dove prism, objective lens and beam rotating actuator and we used a CCD camera instead of a real compact disk to verify if the beam from the SEL source could be focused onto the disk surface and to give a good rotating performance.
Beam rotating performance
Then, we tested the completed system. The beam spot rotation movement is shown on the CRT display, as in Fig. 8 . In this case, the beam rotation performance of the disk plane was exactly two times the beam rotating actuator rotation angle.
Conclusions
We have designed a beam rotating actuator which is applicable to the multiple-beam disk drive pick-p and fabricated the beam rotating actuator with the piezoelectric device and elastic pivot joint.
We can describe the main advantages of this actuator as follows. With less friction, we can obtain high response and a precise beam rotating angle. It has a relatively simple structure and its function is cost effective and easy. We adopted the elastic pivot joint to convert the linear movement of the piezoelectric device into the rotational movement of the beam rotating actuator.
The fabricated beam rotating actuator shows improved linear output characteristics based on the input voltage. Based on the result of the frequency response test and beam rotation angle range test, we concluded that the designed beam rotating actuator is applicable to the multiple-beam rotating disk drive pickup head for high data transfer rate as well as for high reading speed.
